ABSTRACT
tricular or deep categories. 2 Periventricular white matter hyperintensities (PVWMH) are regarded as hyperintensities adhering to a "continuity rule," so that they are confluent with and extend away from the ventricular wall. 2, 3 Deep white matter hyperintensities (DWMH), conversely, are said to be separated from the PVWMH by at least 1 voxel 4 and reside within the deep white matter.
It is not clear from previous investigations whether the innermost segment of PVWMH is indeed white matter pathology or is a mere manifestation of artifacts from CSF flow signal. PVWMH that exhibit a regular pattern and are narrower than 2 voxels have been considered true white matter abnormalities by some, 2, 3 whereas others classified them as artifacts. 5 However, no evidence has been provided to support these conventions. The criteria for separating WMH into PVWMH or DWMH have typically relied on rules of continuity of WMH from the lateral ventricles, 6, 7 but distance from the ventricular edges has also been proposed. For example, PVWMH have been reported to penetrate as much as 7 and 13 mm into the brain parenchyma, 8, 9 and any WMH found within 3 mm from the ventricular wall have been proposed to belong to a distinct subtype, "juxtaperiventricular." 6 Some studies 2,10 render these classifications artificial. Others claim that they are arbitrary 11 and contrary to pathologic evidence of common vascular mechanisms, or they have suggested that PVWMH and DWMH volumes are highly correlated and have found that their spatial analysis failed to identify distinct subpopulations for PVWMH and DWMH. 12 Thus, a robust analysis of PVWMH morphology, distribution, and clinical correlates is required to determine a more appropriate classification of these hyperintense regions and their associations. The purpose of this study was to characterize PVWMH more clearly by their spatial distribution, signal intensity, and relationship to risk factors. The analyses were designed to test 3 hypotheses concerning the definition and classification of PVWMH: 1) A hyperintense thin white line detected along the rim of the lateral ventricle is not a manifestation of a partial volume effect (artifacts) but is evidence of abnormal tissue; 2) PVWMH and DWMH dichotomization is possible and appropriate by a compound rule of continuity from the ventricular surface, unique distribution patterns, and morphologic characteristics; and 3) both PVWMH and DWMH are associated because they have similar distributional properties and common risk factors and therefore are potentially part of the same disease process.
MATERIALS AND METHODS

Subjects and Brain MR Imaging Acquisition
Brain axial FLAIR images and self-reported clinical data were obtained from 667 participants of the Lothian Birth Cohort 1936 (353 males and 314 females), a group of community-dwelling individuals without dementia, 72-73 years of age (mean, 72.7Ϯ 0.7 years) at the time of scanning and data collection. This cohort was recruited as part of the Disconnected Mind project (http:// www.disconnectedmind.ed.ac.uk), an investigation of the aging brain and related cognitive changes. 13 Formal written consent from all subjects and ethical approval were acquired. MR imaging was conducted in the Brain Research Imaging Centre, University of Edinburgh (http://www.bric.ed.ac.uk). A Signa Horizon HDx 1.5T clinical scanner (GE Healthcare, Milwaukee, Wisconsin), equipped with a self-shielding gradient set and a manufacturer-supplied 8-channel phased-array head coil, was used to acquire FLAIR-weighted datasets (TR/TE/TI ϭ 9002/ 147.38/2200 ms, 4-mm section thickness, matrix ϭ 256 ϫ 256, and 15.63-Hz bandwidth) among other sequences. Full details of the MR imaging protocol have been published previously.
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Categorization of PVWMH
We defined 4 categories to describe the morphologic and distributional properties of the PVWMH on the basis of visual rating scales 2, 15, 16 and distinctions arising from clinical studies. 2, 16, 17 These categories were the following (Fig 1) : 1) a thin white line on the borders of the ventricles (corresponding to the commonly termed "pencil-thin" rims 2 ); 2) a thick rim characterized by attenuated PVWMH with irregular boundaries; and 3) extended PVWMH characterized by either large caps at the horns of the ventricles or wide hyperintense areas that penetrate into the DWMH and can converge with DWMH. These 3 categories are in correspondence with Fazekas visual rating scale PVWMH categories 1, 2, and 3, respectively. An additional category (4) "subtle extended PVWMH" was considered for subjects with extensive evidence of "dirty" or ill-defined, subtle, pale PVWMH 18 and noncontinuous and diffuse periventricular hyperintensities, with varying and erratic intensity patterns emerging from the lateral ventricle wall, as described previously. 10, 18, 19 These were much less well-defined and much less intense than the very obvious white hyperintensities classed in 1-3 above. Each FLAIR image was visually assessed by 2 observers, blinded to each other's results and to any other information (ie, clinical or obtained from image processing or other visual rating scales). Discrepant borderline cases were discussed until agreement was reached. A random subsample (n ϭ 70) was assessed twice by both observers separately; the intraclass correlation coefficient was 0.98.
Quantitative Measurement of Intracranial and WMH Volumes
The intracranial volume (ie, contents within the inner skull table including brain tissue, CSF, veins, and dura), with an inferior limit on the axial section just superior to the tip of the odontoid peg at the foramen magnum, was extracted semiautomatically by using the T2*-weighted sequence, with the Object Extraction Tool in Analyze (AnalyzeDirect, Mayo Clinic, Rochester, Minnesota) followed by manually editing. WMH were segmented semiautomatically on the quantized color image obtained after fusing coregistered FLAIR and T2*-weighted sequences, mapping them in green and red respectively, and applying minimum variance quantization. This technique is described in Valdés Hernández et al, 20 validated elsewhere, 21 and
implemented by MCMxxxVI_ALE (a tool freely available from (www.sourceforge.net/projects/bric1936). Intracranial volume was used to correct WMH volumes for head size.
Intensity Analysis
The intensity of PVWMH was measured by using a tool Intensity Analyzer (freely downloadable from http://www.sourceforge.net/ projects/bric1936). This tool allows a straight line to be plotted on an MR imaging section to generate a uniform readout of the normalized signal-intensity profile along the plotted line (y-axis) ver-sus its normalized length (x-axis). From each scan, we chose a section toward the top of the lateral ventricles (just after the basal ganglia disappears) and drew a line perpendicular to the interventricular septum starting at the left hemispheric white-gray matter boundary and finishing at the corresponding right boundary, taking care that it crossed the area where the width of the PVWMH was closer to the mean width visually estimated (Fig 1) . In all cases, we measured the width of the PVWMH (distance from the edge of the ventricles to the end of the first spike along the plotted line) and their peak intensity (expressed as the percentage increase with respect to the mean intensity of the adjacent lateral trough). The aforementioned criterion for determining the intensity of the PVWMH was cross-checked as follows: We placed squared regions of interest (2 ϫ 2 mm) at the central and innermost region of the hyperintensity rim on 4 consecutive sections by using Analyze 10.0 on a subsample of 10% of the subjects selected randomly from each PVWMH category and calculated the mean intensity of those regions. The mean intensity of the healthy white matter was calculated by placing a square (5 ϫ 5 mm) region of interest bilaterally in the frontal white matter (selected for the relative absence of WMH).
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3D Distributional Visualization of WMH
3D distributional visualization of WMH was conducted representing in 3D the binary masks of the WMH of the random subsample mentioned above by using the surface builder tool in Mango software (University of Texas Health Science Center, Houston, Texas; http://ric.uthscsa. edu/mango). This was to determine whether the spatial separation between PVWMH and DWMH is an artificial convention on the basis of 2D visualization. 
Statistical Analysis
In addition to the imaging measurements, we analyzed smoking status and clinical data: the presence or absence of hypertension, diabetes, hypercholesterolemia, and cardio-and cerebrovascular disease. Subjects were classified as having cerebrovascular disease if the subject either self-reported stroke or transient ischemic attack or had neuroradiologic evidence of previous stroke on MR imaging, determined as explained elsewhere. 20 The Kruskal-Wallis test with a post hoc Dunn test was used to identify significant differences between categories and groups of participants with/without the presence of risk factors, and the Spearman test was used to assess the correlations. For all statistical tests, we used GraphPadPrism, Version 5.0 (GraphPad Software, San Diego, California). Statistical significance was set at P Ͻ .05 (2-tailed). Results are presented as median and interquartile range (IQR) (25%-75%) unless stated otherwise.
RESULTS
Characteristics of the Sample
In total, 327 (49.17%) subjects had hypertension, 67 (10.08%) had diabetes (type 1, n ϭ 7 and type 2, n ϭ 60), 278 (41.80%) had hypercholesterolemia, and 178 (26.77%) had a history of cardiovascular disease (Table) . From the total number of subjects with cerebrovascular disease, 44 (6.62%) self-reported a history of stroke and 95 (14.33%) had neuroradiologic confirmation of a previous stroke. The median WMH volume was 7.7 mL (IQR ϭ 13.6 mL).
Categorization of PVWMH
Only 2 subjects did not exhibit any evidence of PVWMH, leaving 665 (99.7%) subjects who were divided into 4 categories as follows: thin white line, 273 (41.05%); thick rim, 233 (35.04%); ex- tended PVWMH, 90 (13.53%); and subtle extended PVWMH, 69 (10.08%) (Table) . The distribution of total WMH volumes across these categories was widespread (from almost none to maximum ϭ 98.38 mL), but statistically significant volumetric differences were found among all categories (thin white line median ϭ 3.77 mL, IQR ϭ 1.39 -6.65 mL; thick rim ϭ 11.13 mL, IQR ϭ 7.47-19.03; extended PVWMH ϭ 31.02 mL, IQR ϭ 20.73-40.33; subtle extended PVWMH ϭ 6.46 mL, IQR ϭ 3.02-10.26) (Fig 2) .
Intensity Analysis
The Intensity Analyzer tool identified signature intensity patterns and features for each morphologic category. Figure 1 shows a representative case of each category with the output from the Intensity Analyzer and the 3D visualization of the WMH. The PVWMH mean width and mean intensity amplitudes were directly and highly correlated with each other ( ϭ 0.55, P Ͻ .001) for the whole sample.
Subjects with PVWMH categorized as thin white lines exhibited expected thin widths (3.2 mm, IQR ϭ 2.63-3.78) and sharp intensity peaks (33.99% increase from the adjacent lateral trough, IQR ϭ 23.46 -44.74). Compared with the thin white line category, both width and intensity (mean increase with respect to the adjacent lateral trough) were significantly greater in both the thick rim (5.29 mm, IQR ϭ 4.69 -6.14; 53.16%, IQR ϭ 40.15-66.64) and extended PVWMH (6.17 mm, IQR ϭ 5.14 -7.56; 56.22%, IQR ϭ 44.26 -71.53) categories. Subtle extended PVWMH exhibited multiple small-intensity peaks proximal to the ventricles and ill-defined boundaries of the PVWMH (as expected). This category was found to have a median width of 3.86 mm (IQR ϭ 2.70 -5.00 mm) and a median intensity amplitude of 16.44% (IQR ϭ 10.18 -21.16), the latter being significantly lower than all other categories (Fig 3) .
The difference between the sampled intensity of the healthy white matter, equivalent to the mean intensity measured from the adjacent lateral trough (as in "Materials and Methods"), and the PVWMH rim was significantly smaller in the thin white line category compared with the thick rim (mean difference ϭ 54.82%) and extended PVWMH (mean difference ϭ 68.31%) categories. This means a gradual increase in the intensity of the PVWMH from the ventricular wall toward the deep white matter, with an increase in the load of white matter changes.
Volumetric Analysis
Overall, the widths of PVWMH were found to be highly correlated (P Ͻ .001) with WMH volume, uncorrected ( ϭ 0.61) and corrected by intracranial volume ( ϭ 0.62). The WMH volume (corrected and uncorrected) was significantly correlated with the width of 3 PVWMH category groups separately without excluding outliers (ie, outside the 5%-95% range): thin white matter ( ϭ 0.32, P Ͻ .001); thick rim ( ϭ 0.61, P Ͻ .001); and extended PVWMH, ( ϭ 0.44, P Ͻ .001), but not with the subtle extended PVWMH ( ϭ Ϫ0.20, P ϭ .11). Similarly, an overall significant correlation (P Ͻ .001) was found between mean intensity amplitude and WMH volume uncorrected ( ϭ 0.45) and corrected by intracranial volume ( ϭ 0.42) in all categories with the exception of the diffuse subtle extended PVWMH ( ϭ 0.02, P ϭ .84).
Distributional Analysis
Among 665 subjects, we found only 1 subject who exhibited a PVWMH width of Ͼ13 mm (14.71 mm). In the extended PVWMH category (mean PVWMH width ϭ 6.52 Ϯ 0.2 mm), 57/90 conformed to Ͻ7 mm, and 71/90 to Ͻ8 mm, leaving only 19/90 subjects within the sample for whom these distances may not be applicable.
The 3D representation of the WMH showed that subjects in the thin white line category had WMH that strictly adhered to the ventricle walls; however, regions of discrete DWMH were also present. In both the thin white line and thick rim categories, PVWMH were disconnected from hyperintensities in the deep white matter and subcortical regions, albeit the visual impression of continuity can be observed in 2D MR imaging. In the extended PVWMH category, extensive confluence was found between periventricular white matter intensities and DWMH. In this category, regions of nonconfluence were typically found lateral to the midventricular PVWMH as "pockets" of healthy white matter between periventricular white matter intensities and DWMH regions. 3D representation of the WMH of those subjects with diffuse subtle extended PVWMH revealed highly erratic and fragmented distributions of both PVWMH and DWMH (Fig 1) .
Relationship with Vascular Risk Factors
A stepwise increase was found in the percentage of subjects falling within each of the first 3 categories (thin white line, thick rim, extended PVWMH) and their histories of hypertension, hypercholesterolemia, and evidence of stroke (Fig 4A) . PVWMH were significantly wider in subjects with hypertension (P ϭ .03) and evidence of stroke (P Ͻ .001), regardless of the category (Fig 4B) .
DISCUSSION
It has previously been suggested that PVWMH of Ͻ2 voxels wide are a manifestation of a partial volume effect 5 or, alternatively, artifacts due to CSF pulsation. 22 In this study, the PVWMH rim mean signal intensity in the thin white line that borders the ventricles was highly correlated and proportional with both total burden (volume) of WMH and the width of PVWMH (maximum of 3 mm for this category), as well as in the 2 categories for which such a result would be obvious: PVWMH penetrating into the deep white matter and large caps confluent with DWMH. An artifactual phase shift effect (produced by CSF pulsation) or truncation artifacts (common in areas where high and low signals are adjacent to each other) would not show these correlations. These findings suggest that these thin PVWMH are evidence of true white matter abnormalities. However, it does not mean that artifacts do not occur at the ventricle wall but, rather, that these artifacts cannot be identified by measurements of PVWMH width or signal intensity on FLAIR MR imaging.
On the basis of vascular neuroanatomy, it has been suggested that the boundary of PVWMH and DWMH may lie within a 3-to 13-mm watershed zone. 8, 23 For our sample, the mean width of the PVWMH in the extended PVWMH category agreed with more specific suggestions that PVWMH may be separately identified from DWMH by distance thresholds 4, 9 of Ͻ7 or Ͻ8 mm. For scans on the third category (extended PVWMH), 8 mm also seemed an adequate distance for considering the boundary between PVWMH and DWMH. Previous investigations have found that volumetric measures of the ventricles, 24 intracranial space, and brain tissue are highly variable between subjects. In this birth cohort, the use of WMH volume uncorrected or corrected either for brain tissue or intracranial volume has been demonstrated not to affect the analysis of WMH load 20 as the results presented here corroborate.
Evidence of advanced leukoaraiosis on intensity analysis reveals a typical pattern (extended PVWMH) of a juxtaperiventricular signal-intensity peak followed by another DWMH peak. This pattern is also found on 3D distributional mapping, but only at the PVWMH rim do the surrounding caps of the frontal and occipital horns exhibit extensive confluence with DWMH. This commonly found trough of signal intensity at the PVWMH rim may mark the boundary of the periventricular white matter hyperintensities and DWMH distinction and may conform to a dichotomy on the basis of rules of continuity to the ventricle. 6, 7 This distinction, less informative than advanced distributional probabilistic atlases, has proved valid in clinical practice and research. We found a positive and significant association between PVWMH width and hypertension, which is a small-vessel disease risk factor considered to be more highly associated with DWMH. 2, 5, [25] [26] [27] However, an alternative interpretation of this finding is that higher widths are associated with higher total WMH volumes and thus are due to an indirect association, or that certain areas of PVWMH that penetrate into the deep WM should be considered DWMH. Evidence of subependymal defects, transudation of ventricular CSF, and impaired cerebral autoregulation in patients with hypertension who have severe PVWMH has been reported previously. 28 We also found that PVWMH were significantly wider in subjects with evidence of stroke, but not in smokers, and in subjects with a history of hypercholesterolemia, diabetes, or cardiovascular disease. The percentage of subjects with hypertension, hypercholesterolemia, and evidence of stroke increased with increasing total WMH volume in thin, thick rim, and extended PVWMH categories. The extensive presence of diffuse subtle PVWMH, also commonly termed "dirty-appearing white matter," has been rarely reported in the literature. Ge et al 10 found that such regions, most often found in proximity to the ventricles, exhibit a signal greater than healthy white matter but lower than established WMH. The current investigation confirms this finding in 67 subjects (10.08%), with mean intensity amplitudes for these WMH significantly lower than those in other WMH categories and higher than those in healthy white matter. The underlying pathologic processes were not explored in this study, but the fact that no correlations were found between the width or intensity of this type of PVWMH and WMH total volume or the vascular risk factors explored in this study supports the suggestion that diffuse subtle extended PVWMH are evidence of evolving, preactive WMH, 29 and/or secondary degenerative processes remote from established WMH, 19 which can be confirmed on a follow-up scanning wave of these subjects. WMH segmentation and 3D distributional mapping confirm that these are ill-defined 18 and fragmented regions.
The study strengths are that to our knowledge, this is the first study that jointly analyzes in detail the morphologic, distributional, volumetric, and intensity characteristics of PVWMH in an attempt to provide evidence about the nature (ie, real lesion or artifactual) of the periventricular thin hyperintense rim that commonly appears in brain FLAIR scans. A large sample size provided robust estimates of effect. Careful blinding of the analyses and a narrow age range to avoid confounding factors are also among the strengths of the study. Each conclusion resulted from a combination of multiple types of assessments, all conducted blinded to each other's results: visual (based on clinically proved visual rating scales and outcomes), computational, and clinical (vascular risk factors). The Intensity Analyzer tool presented is relatively fast, taking only Ͻ5 minutes to assess the width and intensity for a single subject (including the manual placing of the measuring line), and allows linear measurements, histogram, and voxelbased intensity analyses of tissues and anomalies on MR images. We used coregistered FLAIR and T2*-weighted images and multispectral data fusion to segment the WMH. 21 Combinations of multiple sequences have proved to largely remove the artifactual confound. 30, 31 The study also has limitations. Despite the fact that visual assessment and categorization of PVWMH in "borderline" cases were discussed and agreed on between the 2 observers, the distinction from 1 category to another was not clear in some cases. Also, because WMH segmentations and volumes were not divided into periventricular white matter hyperintensities and DWMH as previous investigators have done, 7, 12 the associations of WMH volume with other parameters are not sensitive to differences between periventricular white matter hyperintensities and DWMH. Another limitation is that the data used in our analysis merely indicated whether the vascular risk factor was present or absent, not allowing detailed analyses of these variables (such as blood pressure measurement) as performed by other investigators. 25, 26 The analysis presented here used a semiquantitative PVWMH visual rating scale. Although the intra-/interobserver agreements on the categorization process were 0.99 and 0.97, respectively, a fully automatic quantitative WMH mapping 9, 24 will allow a more detailed study of the WMH distribution. This study used data obtained from community-dwelling individuals. The distribution patterns of PVWMH categories and widths might differ in disease cohorts.
Recommendations for Further Investigation
Few studies have reported or addressed the pathologic correlates of periventricular white matter hyperintensities and DWMH. between categories of PVWMH, PVWMH and DWMH, or thin white line and artifacts). Determining the significance of the fragmentation found in thin white line and diffuse PVWMH categories may also be achievable. These findings might indicate true white matter abnormalities and artifacts or might instead identify inaccuracies in segmentation (due to difficulties of definition from surrounding tissues 19 ). This study advocates considering the use of quantitative measures of intensity with other features like volume and distribution in the study of WMH. The methodology followed here, though not intended to make recommendations for the definitive ranges of PVWMH (collectively or in different categories), complements the qualitative assessment of WMH with quantitative measures of PVWMH width and intensity.
The 3D visualization techniques presented here and in other studies 7 should be explored further in studies of WMH to clarify the spatial distribution of WMH, enabling stronger conclusions about defining subtypes, etiology, and progression. This study supports the contention that 3D analysis avoids some of the limitations of 2D axial analysis, 12 which allowed identifying otherwise undetected fragmented patterns of PVWMH.
CONCLUSIONS
PVWMH intensity levels, distribution, and association with risk factors and disease suggest that in old age, these are true tissue abnormalities and therefore should not be dismissed as artifacts. Dichotomizing periventricular white matter hyperintensities and DWMH by continuity from the ventricle edge toward the deep white matter is possible.
